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Thermal energy storage and meltingThis study experimentally investigates the effect of different values of wall heat flux intensity on the
melting of RT44HC Phase Change Material (PCM) in a rectangular test cell. A new novel experimental test
rig to provide accurate data for the validation of numerical models of phase change was developed. The
designed and constructed test rig consists of a horizontal rectangular cross-section test cell formed from
polycarbonate sheet with copper plates and mica heaters to provide controlled uniform wall heat flux.
Experiments were performed for three constant uniform wall heat flux values (q00wall = 675, 960 and
1295W/m2) applied to both left and right sides of the test cell. An imaging technique was used to visu-
alize and record the movement of the solid-liquid interface using a Canon EOS DSLR Camera. The results
obtained show a strong correlation between the magnitude of wall heat flux which drives the convective
heat transfer and melt fraction development in the PCM. The results also show that increasing the input
power from 675W/m2 to 960W/m2 to 1295 W/m2 reduces the total time for the melting process by
26.3% and 42.10% respectively. The raw data set comprised of measured temperatures and observation
of melt fraction development provide a useful data set for validation of numerical models aiming to sim-
ulate the melting process in a rectangular cross-section test cell.
 2019 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Latent heat thermal energy storage (LHTES) has a wide range of
potential engineering applications and has recently gained consid-
erable attention for space heating and cooling due to environmen-
tal concerns and the rising cost of fossil fuels. Applications are
particularly interesting due to domestic space cooling/heating in
extremely hot/cold areas where electrical energy consumption var-
ies greatly during the night and the day [1,2].
LHTES can be used to address the time-of-use mismatch
between heat supply and demand. Phase Change Materials (PCMs)
have the advantages of high thermal energy storage density, result-
ing in smaller store size, the potential for near constant tempera-
ture of operation can result in improved efficiency when
compared to a sensible heat storage system [3]. A large number
of non-toxic PCMs are available with melting temperatures cover-ing a wide range of applications. These features make PCMs an
attractive option for many applications, for example passive tem-
perature control of buildings, compact thermal energy storage sys-
tems, medical applications requiring constant temperature, storage
of recovered industrial waste heat for later use and temperature
control of electronics [4].
The complex nature of the PCM melting-solidification process
and the combined conductive and convective heat transfer pro-
cesses within the PCM are of continuing interest to researchers.
Experimental analysis is required in order to better understand
the heat transfer mechanisms and the differences in performance
that result for different designs of PCM thermal storage systems.
Such experimental analysis will enable system designs to be opti-
mised and suitable applications identified [5].
Experimental and numerical investigations have been per-
formed in recent years with the aim of improving understanding
of the heat transfer within the PCM, particularly at the moving
solid-liquid interface. This will enable optimum storage system
designs to be developed for specific applications, e.g. rectangular
enclosures, spherical capsules, tubes or cylinders and annular cav-
ities [5]. Rectangular enclosures are one of the most common geo-
metrical configurations used in LHTES systems. Due to their wide-
ranging engineering applications in fields including metallurgy,
Nomenclature
Aw the surface area of the hot wall [m2]
C specific heat at constant pressure [kJ/kg K]
f liquid fraction percentage
H characteristic length [m]
hlatent latent heat [kJ/kg]
h heat transfer coefficient [W/m2 K]
I electric current [amp]
k thermal conductivity [W/m K]
L length of the heating plate [m]
M mass [kg]
n number of thermocouples
NP0 number of pixels with 0 value
NPt total number of pixels
Nu Nusselt number
Qsensible sensible absorbed energy [kJ]
Qlatent total absorbed energy [kJ]
q00 heat flux [W/m2]
t time (t)
T temperature (C)
Tm1 the onset of melting temperature (C)
Tm2 the endset of melting temperature (C)
Tmean mean temperature (C)
v volume [m3]
V electric potential [volt]
W the width of the heating plate [m]
Greek Symbols
b expansion coefficient [1/K]
l dynamic viscosity [kg/ m s]
q density, [kg/m3]
Subscripts
i Initial
s Solid
w Wall
Abbreviations
PCMs phase change materials
liq Liquid
DSLR digital single-lens reflex
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attention.
Several recent studies have focused on vertical/horizontal rect-
angular enclosures with imposed boundary conditions (BC) of a)
constant wall temperature (CWT), and (b) constant wall heat flux
(CWF) [7] and [8]. This is due to their common occurrence in a
range of potential applications, including waste heat recovery sys-
tems, solar thermal systems and cooling systems for electronic
devices.
Wang Y et al. [9] performed an experimental investigation of
the PCM melt process in the vicinity of a uniform temperature
heated vertical wall in a rectangular enclosure. From the experi-
ments, it was clear from the variation of Nusselt number with
the time that three different heat transfer regimes occurred during
the melt process.
El Qarnia H. et al. [10] performed a numerical investigation to
predict heat transfer by natural convection during melting of the
PCM, n-eicosane contained in a rectangular enclosure acting as a
heat sink. In the simulation three heat sources protrude from one
of the vertical enclosure walls supplying heat at a uniform constant
rate. Simulations show the impact of three key parameters, Ray-
leigh number, heat source position and enclosure aspect ratio, on
the cooling capacity of the PCM based heat sink. The predictions
showed that heat from the protruding heat sources is removed in
part by natural convection in the liquid PCM while the rest is con-
ducted to the wall before being transferred to the PCM in the
enclosure.
Gong et al. [11] simulated free convective melting of a PCM in a
rectangular cavity with an isothermally heated vertical wall using
the Petrov-Galerkin finite element technique in combination with
a fixed grid and a primitive variable formulation. The enthalpy-
porosity model was employed to represent the physics at the
solid-liquid interface and allow prediction of flow in this region.
Predictions showed that inverting the container at an appropriate
stage during the melting process was an effective technique to
enhance free convection in the phase change material, with a
50% increase in thermal energy charge rate obtained during
melting.
Zhao et al. [12] performed a two-dimensional visualization
experiment of the close contact melting process of a PCM in a rect-
angular cavity inclined at different angles (0,15,30,45,60,75,90). From the experiments, the shortest total melting time
was when the tilt angle was 60.
Kamkari B et al. [13] investigated experimentally the heat
transfer process and melting behaviour during the solid-liquid
phase change of lauric acid (Pr = 100) in a rectangular enclosure
at different inclination angles (0,45,90). They found that as the
inclination angle is decreased from 90 to 0, the convection cur-
rents in the enclosure increase and chaotic flow structures appear.
When melting commences in the horizontally inclined enclosure
(0), the solid-liquid interface line becomes wavy which implies
the formation of Benard convection cells in the liquid PCM. Finally,
the heat transfer enhancement ratio for the horizontal enclosure
(0) is more than two times higher than that of the vertical enclo-
sure(90).
Huang et al. [14] presented an experimental investigation into
the effects of convection and crystalline segregation within a
PCM on the heat transfer within different internally finned PCM
containers attached to the back of PV panels to provide cooling.
The results obtained from the experiments were useful in optimis-
ing the design of PV/PCM systems aimed at reducing the rise of PV
temperature during operation.
Kamkari and Amlashi [15] investigated numerically the melting
of a PCM in both vertical and inclined rectangular enclosures. The
predictions show that the heat transfer rate increases and the
melting time decreases when the inclination angle of the enclosure
is reduced. This was attributed to the intensification of natural con-
vective flow within the PCM.
Emam et al. [16] performed experiments to investigate the
melting of three different PCMs (RT25HC, RT35HC, and RT44HC)
for three distinct heat flux values, 2000, 2950, 3750 W/m2 with
the aim of providing passive thermal regulation for electronic
devices and concentrator photovoltaic (CPV) systems. The experi-
ments revealed that RT35HC PCM achieved a maximum tempera-
ture reduction in the operating temperature of electronic
components or CPV cells due to its higher absorbed heat per unit
volume.
Shatikian et al. [17] performed a numerical parametric investi-
gation into the melting of a PCM in a heat storage unit with vertical
internal fins and a horizontal base to which a constant heat flux
was applied. The predictions indicate that the transient phase
change process depends on a number of system parameters with
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base and the mean PCM melt temperature and the thickness and
height of the fins.
Kamkari B and Shokouhmand H [18] evaluated experimentally
the influence of incorporating horizontal partial fins on the tran-
sient melting behaviour of lauric acid (PCM) in a rectangular cavity.
The experimental results showed that increasing the number of
partial fins reduced the time required to complete the melting
phase and improved the total heat transfer rate.
Many researchers have studied the role of natural convection
during the melting process in different geometries as mentioned
above. There is however no study in the literature that specifically
investigates the effect of constant uniform heat flux intensity on
opposite vertical walls of a horizontal rectangular test cell on nat-
ural convection and melting rates. Wall heat flux is an important
parameter which influences the rate of heat transfer and melt front
development in many applications and so is the focus of this paper.
Huang et al. [19] experimentally investigated the feasibility of
managing the temperature of electronic devices using expanded
graphite composite phase change materials. Their experimental
results showed that the thermal performance of the composite
PCM is dependent on the input power density from the electronic
chip, the heat storage density of the composite, the thermal con-
ductivity of the composite, and the thickness of the composite
used.
Usman et al. [20] performed an experimental study of PCM
based finned (inline and staggered) and un-finned heat sinks for
passive cooling of electronics using paraffin wax RT44HC and
RT35HC. The results suggested that using triangular shaped inline
heat sinks filled with RT44HC provided the best solution for pas-
sive thermal management of electronic devices because of its elon-
gated latent heat phase and shortened latent cooling phase, both
due to its high latent heat capacity.
In the current study, the melt process of PCM RT44HC inside a
horizontal rectangular cross-section test cell has been evaluated
experimentally. The test cell was subject to 3 different intensities
of uniform wall heat flux applied to both left and right vertical
sides, with all other wall conditions essentially adiabatic.
The overall objectives of the proposed study were to (1) visually
observe and record the movement of the solid-liquid interface with
time, (2) measure the temperature distribution within the PCM
with high accuracy and resolution, and (3) to develop an experi-
mental data set (temperature distribution and location of solid-
liquid interface) suitable for validation of future simulation work
on natural convection inside LHTES of similar geometric designFig. 1. A schematic diagram of the de2. Experimental study
This aim of this research was to investigate experimentally
the effect of input wall heat flux intensity on the transient melt-
ing process in a horizontal rectangular test cell and measure the
transient temperature distribution within the PCM. A horizontal
test cell with a rectangular cross-section filled with organic
PCM RT44HC which can be subjected to a uniform wall heat flux
from both left and right horizontal sides was designed and
fabricated.
A schematic of the experimental setup is presented in Fig. 1. It
consists of a rectangular cross-section horizontally oriented PCM
test cell, insulation, electric mica heaters, data acquisition system,
DSLR camera, thermocouples, power supply and voltage
transformer.
The rectangular test cell was fabricated from 12 mm thick
transparent polycarbonate sheet (Thermal conductivity of
0.2 W/m K) with a maximum operating temperature of 150 C
and density of 1190 kg/m3 to allow observation of the develop-
ment of the melt fraction of the RT44HC with time. The interior
dimensions of the test cell were 200 mm width, 76 mm height
and 176 mm depth as shown in Fig. 2.
Four holes in the upper side of the test cell were drilled and
used to introduce the liquid PCM into the store and to provide
space for thermal expansion of the liquid PCM that occurs during
the melting process. Thin 2 mm copper plates [21] with an area
of 100  200 mm from the right and left horizontal sides of the test
cell on which Mica heating pads are mounted to provide uniform
wall heat flux to the plates. The selection of copper plate for the
end walls was based on compatibility with the PCM, its long life
and high thermal conductivity 401W/m K. The Mica heater which
could operate up to a maximum voltage of 240 VAC was connected
to an adjustable AC power supply to allow heat input rate to be
varied.
In the experiments, the vertical middle plane of the test cell was
chosen to monitor the temperature of the PCM. 21 T-type thermo-
couples formed from 0.26 mm diameter wire with a calibrated
accuracy of ±0.3 C were placed in seven columns and three rows
as shown in Fig. 3. These were connected to a data logger and tem-
peratures were recorded during the melting process.
Three thermocouples distributed on the left and right heating
surfaces of the PCM test cell as shown in Fig. 4 measure surface
temperature. Two additional thermocouples located outside the
test cell were used to measure the ambient and insulation
temperatures.veloped experimental apparatus.
Copper plate 
Mica heater 
Thermocouple insertion 
hole 
Hole for PCM 
expansion 
Fig. 2. Schematic diagram of the rectangular cross-section test cell.
19 mm 
19 mm 
19 mm 
19 mm 
Fig. 3. Thermocouple locations in the vertical mid-plane of the PCM test cell.
Fig. 4. The location of the three thermocouples installed on the left and right
heating surfaces.
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insulation (Kingspan Kooltherm [22]) with thermal conductivity
of 0.018W/m K to reduce the heat loss to the surroundings during
the experiments. A data acquisition (DAQ) unit, DT85 providing 48
common referenced analogue input channels [23] was used to log
the temperature readings. The DAQ unit was connected to a per-
sonal computer via a USB port and the dEX software platform
was used to configure and manage the logger in real time. The tem-
peratures were recorded at intervals of 10 s for the full duration of
the experiment.
In order to record the development and movement of the solid-
liquid interface during melting, a Canon 24.2 Megapixel digital
camera, Canon EOS 80D [24] with a 18–55 mm lens was used to
take photographs every 30 min. A light source behind the store
was used to make the solid-liquid interface more visible.
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Before the experiment, the PCM was initially preheated to a
temperature of about 40 C above its melting temperature in an
oven before being introduced into the test cell gradually in a layer
by layer manner, with each layer allowed to solidify for at least
120 min prior to the next being introduced. This process was con-
tinued until the test cell was filled totally with PCM. It should be
noted that the objective of this filling procedure is to reduce the
formation of voids inside the PCM when it solidifies.
After filling the test cell was kept at room temperature (20 C to
22 C) for at least 24 h to ensure that it was at a uniform initial
temperature, at this time, the temperature difference between
thermocouple measurements was less than 0.1 C.3. Experimental data reduction
3.1 Absorbed energy
To determine the amount of energy absorbed by the PCM, both
sensible and latent heats were calculated at every data acquisition
period. Total sensible heat gain for the liquid and solid regions
were calculated by using the following equations [25]:
Qsensible;PCM tð Þ ¼
Z
VliqðtÞ
qsCsðTm1  TiÞdVliq
þ
Z
VliqðtÞ
qliqCliq Tmeanliq tð Þ  Tm2
 
dVliq
þ
Z
VsðtÞ
qsCsðTmeans  TiÞdVs ð1Þ
where Tmeanliq ðtÞ and Tmeans ðtÞ represent the instantaneous mean
temperatures of liquid and solid phases, respectively which wereTable 1
Non-dimensional numbers.
Run No. q00 Ra (x107) Ste
1 675 6.2 1.02
2 960 8.8 1.45
3 1295 11.9 1.95
Smaller peak 
Fig. 5. The melting curve of RT44HC obtainedcalculated by averaging the temperatures of thermocouples located
in each region as follow:
Tmeanliq tð Þ ¼
1
nlðtÞ
XnliqðtÞ
i¼1
Ti ð2Þ
Tmeans tð Þ ¼
1
nsðtÞ
XnsðtÞ
i¼1
Ti ð3Þ
where nliqðtÞ and nsðtÞ represent the number of thermocouples
located in each of the liquid and solid regions of the PCM at each
measurements time, respectively.
The latent heat of the region related to the thermocouple is cal-
culated using the equation:
QLatent;PCM tð Þ ¼ fMPCMhlatent ð4Þ
where f is the value of the liquid fraction percentage.
The total absorbed energy by the PCM for each thermocouple
region is then given by the sum of the latent and sensible heats
which have been estimated by Eqs. (1) and (4).
Qtotal;PCM tð Þ ¼ Qsensible;PCM tð Þ þ Qlatent;PCMðtÞ ð5Þ
Newton’s law of cooling can be used to evaluate the surface-
averaged natural convective heat transfer coefficient during
melting.
hðtÞ ¼ Qtotal;PCM tð Þ
AwðTw  TmÞDt ð6Þ
where Qtotal;PCM tð Þ is the total heat transfer from the hot walls to the
PCM during the time interval (Dt). Aw is the total surface area over
which the heat flux is provided. Tw is the average heated wall tem-
perature and Tm is the solid-liquid interface temperature which was
considered to be the melting temperature of the PCM.
The characteristic length is calculated using Eq. (7):
H ¼ LW
2ðLþwÞ ð7Þ
where W is the width of the heating plate and L is the height.
The dimensionless average Nusselt number, based on the char-
acteristic length of the test cell (height H) can be written as:
Nu

ðtÞ ¼ h

ðtÞH
Kliq
ð8ÞLarge peak  
using Differential Scanning Calorimetry.
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problem are the Stefan number Ste and Rayleigh number:
Ste ¼ Cp;l q
00H
K hlatent
; Ra
q2l CplgbH
4 q00
l K
ð9Þ
The aforementioned dimensionless numbers for each of the exper-
iments performed are listed in Table 1.
3.2. Input power
Using the measured voltage and current supplied to the heaters
during the experiments, the typical input power supplied to the
PCMwas calculated, and determined to be 27, 38.4 and 51.8 Watts.
The constant wall heat flux, q00 to the system was calculated basedTable 2
Thermophysical properties of paraffin wax RT44HC.
Thermal conductivity (ks) 0.2 W/m K
Thermal conductivity (kliq) 0.2 W/m K
Specific heat of solid phase (Cp)s 2000 J/kg K
Specific heat of liquid phase (Cp)liq 2000 J/kg K
Density: solid phase (qs) 800 kg/m3
Density: liquid phase (qliq) 700 kg/m3
Volumetric expansion coefficient (b) 0.00259 K1
Dynamic viscosity (lliq) 0.008 kg/m s
Original Image 
Fig. 6. An initial and processed image to identify the solid-l
(a) 
(I) (II) (III) 
Fig. 7. Measured heated wall surface temperatures in the vertical direction for a heat fl
Convection Phase and (III) Quasi-Steady Convection Phase.on the electric power dissipated over the heat transfer surface area
and is given in Eq. (10):
q00 ¼ I V
Aw
¼ IV
2 L w
ð10Þ
where Aw is the total surface area of both heaters providing the
heat flux to the system.3.3 Thermophysical properties of the PCM used
RT44HC a commercially available material (Rubitherm GmbH-
Germany) [26] was used because it has a high latent heat of fusion,
is chemically stable, does not degrade over multiple cycles, is non-
corrosive, and non-toxic. This material has a high heat storage
capacity over a narrow temperature range which makes it suitable
for solar energy applications, domestic hot water and space
heating.
In order to determine the specific heat capacity of the PCM dur-
ing the melting process, measurements were performed using a TA
Instruments Differential Scanning Calorimeter (DSC) [27] with an
average error less than 1.0% and a liquid nitrogen cooling system.
The measurements were performed with heating/cooling rates of
1 C.min1, 5 C.min1 and 10 C.min1 and a temperature range
from 20 to 70 C. The measured temperature enthalpy curve
recorded during the melting process for RT44HC is shown in Fig. 5.Grayscale Image 
iquid interface, white is solid PCM, black is liquid PCM.
(b) 
(I) (II) (III) 
ux, q00 = 675W/m2, (a) Left wall. (b) Right wall. (I) Conduction Phase (II) Transient
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of RT44HC is within 42.13–43.28 C, and the latent heat is
218110 J/kg. The other thermophysical properties of RT44HC were
adopted from [28] (see Table 2).4. Melt front evolution
To evaluate the melt fraction and the location of the moving
solid-liquid interface, the insulation of the front face of the test cellMelting temperature  
(a) 
Fig. 8. Measured temperatures at the 18 thermocouple locations wit
(a) 30 min  
 (c) 90 min 
(e) 150 min 
(g) 210 min 
Fig. 9. Pictures illustrating the melting front progression in the rectangular test cell fill
regions represent liquid PCM and white regions solid.was periodically removed and a colour digital image was taken
every 30 min. The image was converted to a black and white image
which consists of a two-dimensional array with either zero or one
in each cell corresponding to black and white pixels respectively.
The MATLAB image processing toolbox [29] was utilized to deter-
mine the instantaneous liquid fraction based on the number of
zeros and ones in the array. Fig. 6 shows the steps used for calcu-
lating the liquid fraction.
The liquid fraction was evaluated by dividing the number of
zeros in the array by the total number of pixels forming the image.(b) (c) 
hin the test cell with time for a wall heat flux of q00 = 675W/m2.
(b) 60 min  
(d) 120 min 
(f) 180 min 
(h) 240 min 
ed with RT44HC for wall heat flux of q00 = 1295 W/m2 at both vertical walls. Black
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NPt
ð11Þ
where NP0 and NPt are the number of 0 values in the array and total
number of cells in the array, respectively.5. Experimental results and discussion
To confirm the performance of the developed experimental
setup with heating from two sides, initial experiments were per-
formed to check that melting occurred symmetrically. Fig. 7 pre-
sents the temperatures measured by the thermocouples on the
heated wall with time for a constant heat input of 27 W (corre-
sponding to a heat flux of 675W/m2) applied to the left and right
sides of the enclosure. For all locations on each side, similar tem-
peratures were recorded confirming the symmetrical heat input.
In the early stage of heating and the initial PCM melting phase
(<80 min) the heat transfer is conduction dominated in the PCM240 
270 
Fig. 10. A sequence of photographs showing melt front progression with time for
q00wall = 1295 W/m2.and the heated surface temperatures in the vertical direction are
similar and show a nearly linear increase with time (Conduction
Phase (I)). After 80 min, the liquid PCM layer adjacent to the
heated walls increases in thickness and natural convection starts
to drive the hot liquid PCM upwards due to the density difference
between the hotter and cooler liquid PCM, the temperature of the
hot wall remains almost constant because of onset of natural con-
vection in the liquid PCM (Transient Convection Phase (II)). As
melting progress (t > 360 min) the fluid circulation continues to
grow increasing the melt fraction. Natural convection becomes
dominant and the heat transfer coefficient from the heated surface
to the PCM increases meaning that the power input is transferred
from the wall to the PCM for a smaller temperature difference,
therefore, the rate of increase of local wall surface temperature
slows down (Quasi-Steady Convection Phase (III)).
The temperatures measured with the thermocouples inside the
test cell are presented in Fig. 8 for a heat flux q00 = 675W/m2. Dur-
ing the early stages of the experiment, the thermocouples mountedthree wall heat fluxes, (a) q00wall = 675 W/m2, (b) q00wall = 960 W/m2 and (c)
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than those of the second and third columns (Fig. 8b) and (Fig. 8c)
which shows conduction heat transfer in the solid.
Fig. 8(a) shows that when the PCM melting temperature is
achieved the rate of temperature increase in the first column of
thermocouples is much higher than those of second and third col-
umns (Fig. 8b and c). This can be explained by the fact that the heat
transfer to the solid PCM surrounding the first column of thermo-
couples is high due to convection in the melt and heat conduction
through a thin layer of solid PCM surrounding the thermocouples.
From Fig. 8, it can be seen that when the PCM adjacent to the
heated walls is molten, convection develops and the temperatures
in the upper part of the enclosure are generally higher than the
temperatures in the lower part. Also, a rapid increase in tempera-
ture can be seen in the temperature distributions which occurs
when the melt front is passing between two adjacent thermocou-
ples. This can be used for estimation of the melt front location
based on each thermocouple’s location. The convection currents
in the liquid PCM adjacent to the left and right heated walls result
due to the increase in PCM temperature due to the constant rate
heat input. The heated less dense liquid rises up the wall and is
deflected at the test cell top surface prior to flowing down the
solid-liquid interface in the PCM. The left side flow is in the clock-
wise direction and the right-side flow is anticlockwise maintaining
symmetry. At the solid-liquid interface, heat is transferred from
the warm liquid to the cooler solid PCM (causing it to melt) and
cooling the liquid which becomes more dense and sinks.Fig. 11. Melt fraction versus time for three different wall heat fluxes.
Fig. 12. The temperature history along the hot wall for three different wall heat
fluxes.6. Solid-liquid interface tracking
Fig. 9 presents photographs taken every 30 min during the
experiment (with a uniform wall heat flux of q00 = 1295W/m2
imposed on the left and right walls) showing the progress of the
solid-liquid interface during the melting of RT44HC.
In these photographs, white and black areas represent the solid
and liquid phases, respectively. The symmetrical nature of the
melting process can be clearly seen. From Fig. 9 the melting pro-
cess can be characterized into four distinct regimes (i) conduction
dominated melting [30 min], (ii) mixed convection-conduction
melting [60–90 min], (iii) convection dominated melting prior to
left and right-side flows meeting [120–1500 min], (iv) convection
dominated melting after left and right-side flows have met [180–
240 min].
Up to 30 min the solid-liquid interface was almost vertical par-
allel to the heated plate due to heat transfer being predominantly
by conduction. This mode of heat transfer prevailed while the vis-
cous force was sufficient to suppress fluid motion (Fig. 9a). With
the elapse of time, more RT44HC is heated and melts, the buoyancy
force resulting from the increased temperature and reduction in
density becomes sufficient to overcome the viscous force and nat-
ural convection occurs in the liquid region. The resulting convec-
tive flow leads to an increase in melting at the top of the
container and an acceleration in the movement of the solid-
liquid interface in this region compared to lower down on the
heated wall. The flow changed direction at the top of the container
impinging on the solid PCM and creating a concave curve at the top
of the melt front seen in Fig. 9(b and c). As the melting progresses,
natural convection intensifies and its effect on the melt front
becomes more pronounced. The increasing curvature of the melt
front in the upper part of the enclosure provides evidence of this
effect.
The rapid change in the melt layer thickness at the top results
from the flow changing direction and the hot fluid flowing along
the underside of the top surface and impinging on the solid PCM
at the top of the container. In the lower part of the enclosure, theshape of the interface remains almost linear, its angle of inclination
increases as the solid PCM shrinks. This pattern of melting contin-
ues until the solid PCM melts completely.
Fig. 10 shows the melt front shapes at different times for the
three-wall heat flux values q00wall = 1295 W/m2, q00wall = 960 W/m2
and q00wall = 675 W/m2. As expected, melt front evolution is nearly
symmetrical with similar profiles produced when different wall
fluxes are imposed on both left and right walls. It can be seen that
the melt front advances faster when the wall heat flux is increased.
From Fig. 11 it can be seen that as the wall flux increases, the
time for total melting decreases, this is expected due to the
increased rate of heat transfer to the enclosure. The increase in
power input also led to an increase in the average temperature
740 M. Fadl, P.C. Eames / International Journal of Heat and Mass Transfer 140 (2019) 731–742of both the PCM and the heating surface. Increasing the input
power from 675W/m2 to 960 W/m2 to 1295 W/m2 reduces the
total time for the melting process by 26.3% and 42.10%
respectively.Fig. 13. Calculated sensible heat, latent heat and total heat absorbed with time in the PC
q00 = 1295W/m2.
Fig. 14. Variation of the measured temperature difference recorded by thermocouples loc
wall heat flux q00 = 675, 960 and 1295 W/m2.The hot wall temperature was evaluated by averaging thermo-
couple measurements along the vertical centre line of the copper
wall. Fig. 12 shows the temperature history along the hot wall at
the three constant heat flux values. It can be observed fromM test cell for wall heat flux values of (a) q00 = 675W/m2, (b) q00 = 960 W/m2, and (c)
ated at position T(i,3) (top) and T(i,1) (bottom) and T(i,2) (middle) for the three values of
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lowing the initial start-up. This shows that melting is determined
by conduction in the early stages. The conduction dominated per-
iod lasts for 50 min, 75 min and 100 min for heat fluxes of 1295,
960 and 675W/m2, respectively. The wall temperatures rise to
63 C, 57 C and 53 C during conduction dominated phases. After-
wards, the temperature of the hot wall remains almost constant
because of the onset of natural convection in the melting PCM.
As time progresses, the temperature of the hot wall starts to
increase slowly until the end of the melting process.
Fig. 13 shows the calculated increase in sensible, latent and
total stored energy within the test cell at every 30 min for different
wall heat flux values. As can be seen in Fig. 13, the contribution of
latent heat to the total heat absorbed is much greater than sensible
heat. As expected for all values of wall heat flux, the maximum val-
ues of absorbed latent heat are equal since they are a function of
the test cell volume which is constant for all experiments. It can
be observed that the values of the maximum total energy absorbed
change slightly due to the change of hot wall temperature which is
the result of different values of heat flux.
Fig. 14 presents the differences in temperature recorded by
thermocouples located in positions T(i,3) (top of the vertical mid-
plane of the enclosure) and T(i,1) (bottom of the vertical mid-
plane of the enclosure) and T(i,2) (middle of vertical mid-plane of
the enclosure) for the three values of wall heat flux.
In the first 50 min, the rise in the measured temperature differ-
ences are similar for all flux values due to conduction in the solid
PCM being the main heat transfer mechanism. At t = 50 min, the
thermocouples in the upper locations show a much greater tem-
perature rise than those in the middle and bottom locations due
to the onset of natural convection in the liquid PCM which
increases the local heat transfer rate between the solid and liquid
PCM in the upper section of the enclosure. The value of the increase
in temperature difference is an indicator of the strength of the local
heat transfer rate at the solid-liquid interface. The higher values of
wall heat flux increase the rate at which the temperature differ-
ence is established suggesting a faster onset of convection and a
higher rate of convection at higher wall heat fluxes. When the
RT44HC melted fully, natural convection increased mixing in the
liquid RT44HC, leading to the gradual decrease in the temperature
difference observed.Fig. 15. Variation of the Nusselt number with wall heat flux.The variation of Nusselt number with time for the three wall
heat flux values is presented in Fig. 15. The variation of the Nusselt
number shows the strength of the convective heat transfer during
the melting process. In each experiment, the Nusselt number starts
with a relatively high value at the initiation of the heat transfer
process and drops very rapidly during the conduction regime.
The initial Nusselt number is attributed to the small thermal resis-
tance of the very thin liquid layer at the start-up of the experi-
ments which accordingly increases the magnitude of Nusselt
number.
At the end of the conduction regime, the Nusselt number expe-
riences a local minimum value and then increases slightly. This
local increase in Nusselt number shows that natural convection
is initiating, and the heat transfer process is now in transition
and includes both conduction and convection.
As the experiment proceeds, the length of the solid-liquid
boundary reduces and the Nusselt number reduces for the remain-
der of the melting process. The decrease in the Nusselt number
towards the end of the experiments is due to a reduction in con-
vective heat transfer due to the reduction in the length of the melt-
ing front [5].7. Conclusions
In the current study, an experimental investigation was con-
ducted to explore the melting of PCM RT44HC in a horizontally ori-
ented rectangular cross-section test cell to examine the effect of
different values of wall heat on the development of the melt frac-
tion, PCM average temperature, amount of absorbed energy, tem-
perature distributions, wall heater surface temperature and the
Nusselt number. Images of the melting process and the instanta-
neous temperature distribution at the vertical mid-plane of the
enclosure are presented. The images of the melting process were
analysed using an image processing technique to measure the melt
fraction development with time. The development of the melt
front and recorded temperature distributions were employed to
analyse the dominant mode of heat transfer during the different
stages of melting. Based on the finding it is concluded that
 At higher values of wall heat flux, the average temperature of
the heater’s surface and the PCM increased and the total melt-
ing time reduced.
 Conduction is the dominant mode of heat transfer during the
early stage of melting which is followed by a short transition
period before convection dominates the remainder of the melt-
ing process.
 Increasing the input power from 675W/m2 to 960W/m2 to
1295W/m2 reduces the total time for the melting process by
26.3% and 42.10% respectively.
 The experimental measurements provide a set of benchmark
data suitable to verify numerical models of PCMmelting in rect-
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Analysis of experimental uncertainty
To estimate the uncertainty in the results. The uncertainties in
the primary measurements were required. The experimental
uncertainty analysis was then performed based on the methods
described in [30]. Assuming that the final results are derived from
independent variables y1, y2. . .,yn. The uncertainty of result W is
obtained by appropriately combining the uncertainty of the inde-
pendent variables W(yi) as fellow:
K ¼ f ðy1; y2;    :; ynÞ ð12Þ
W Kð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1
@f
@y
WðyiÞ
 2vuut ð13Þ
By applying this method, the maximum uncertainties of melt
fractions and Nusselt number were found to be 3.8% and 7.5%,
respectively.
Appendix A. Supplementary material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijheatmasstransfer.2019.06.047.
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